Objective: To measure the bioavailability of selenium from cooked and raw fish in humans by estimating and comparing apparent absorption and retention of selenium in biosynthetically labelled fish with labelled selenate and biosynthetically labelled selenium in brewers yeast. Design: The intervention study was a parallel, randomised, reference substance controlled design carried out at two different centres in Europe. Setting: The human study was carried out at the Institute of Food Research, Norwich, UK and at TNO Nutrition and Food Research, Zeist, The Netherlands. Subjects: In all, 35 male volunteers aged 18-50 y were recruited; 17 subjects were studied in Norwich (UK) and 18 in Zeist (Netherlands). All of the recruited subjects completed the study. Interventions: Biosynthetically labelled trout fish (processed by two different methods), biosynthetically labelled brewers yeast and isotopically labelled selenate were used to estimate selenium apparent absorption and retention by quantitative analysis of stable isotope labels recovered in faeces and urine. Subjects consumed the labelled foods in four meals over two consecutive days and absorption was measured by the luminal disappearance method over 10 days. Urinary clearance of isotopic labels was measured over 7 days to enable retention to be calculated. Results: Apparent absorption of selenium from fish was similar to selenate and there was no difference between the two processing methods used. However, retention of fish selenium was significantly higher than selenate (Po0.001). Apparent absorption and retention of yeast selenium was significantly different (Po0.001) from both fish selenium and selenate. Conclusion: Fish selenium is a highly bioavailable source of dietary selenium. Cooking did not affect selenium apparent absorption or retention from fish. Selenium from yeast is less bioavailable.
Introduction
There are at least 13 known selenoproteins all of which contain selenium as selenocysteine and are physiologically regulated, encoded by a UGA codon in mRNA (Burke & Hill, 1993) . These selenoproteins are strictly selenium dependent, synthesis being reduced when dietary intake of the element is restricted. The physiological functions of several selenoproteins are known and include at least five glutathione peroxidase isoforms, selenoprotein P, three iodothyronine deiodinases, three thioredoxin reductases and selenophosphate synthetase (Allan et al, 1999) . In addition, it has attracted much interest as an anticancer agent because of its role as an antioxidant (Combs & Clark, 1999; Rayman, 2000) . Interest in selenium in the diet has been provoked by the observation that selenium intakes in some European countries have been falling over the last 15 y (Barclay & McPherson, 1992; Van Dokkum, 1995) .
Fish is known to accumulate significant amounts of selenium and is, potentially, a good dietary source of the element for humans (World Health Organisation, 1987) . The intake of selenium-rich fish has been shown to be highly correlated with glutathione peroxidase activity and selenium protein-P plasma levels (Bergmann et al, 1998; Hagmar et al, 1998) . There are reports that selenium availability from tuna fish and other seafood is low (Robinson & Thomson, 1983; Mutanen, 1986; Meltzer et al, 1993; Wen et al, 1997) ; however, there are few studies investigating the absorption of selenium from fish in humans, and experiments using rats as models have reported lower absorption from fish muscle compared with meat and offal (Thomson et al, 1975; Richold et al, 1977) . It has also been suggested that selenium from animal sources is less available than selenium derived from plant sources (Young et al, 1982) . The content of selenium in the edible part of fishery products varies within a rather small range from 0.2-0.9 mg Se/kg (Food Standards Agency, 2002) . Lorentzen et al (1994) demonstrated that feeding selenomethionine increased the selenium content of the fillet of farmed salmon trout more efficiently than inorganic selenium sources. However, insufficient information is available regarding the effect this kind of Se-enrichment has on the bioavailability of selenium from fish. Bioavailability is conventionally defined as the fraction of ingested nutrient that is utilised for normal physiological functions. As there are no direct methods for measuring Se bioavailability, in this study it was estimated indirectly from apparent absorption and retention values.
To help clarify the contribution of fish to the overall dietary intake of selenium, the bioavailability of selenium from tailored fishery products was evaluated in humans who took part in a parallel study carried out at two centres: The Institute of Food Research (IFR), Norwich, United Kingdom and at TNO Nutrition and Food Research (TNO), Zeist, The Netherlands. Bioavailability of selenium from biosynthetically labelled cooked and raw trout was compared with the bioavailability of selenium from biosynthetically labelled yeast and labelled selenate by (1) measuring apparent absorption of selenium using the faecal monitoring technique and (2) estimating the retention of absorbed selenium by measuring urinary excretion of the stable isotopes.
Subjects and methods
The study was a parallel, randomised, reference substance controlled design, in which six groups of healthy Caucasian men (approximately six individuals per group) volunteered to take part. Men were exclusively chosen to avoid metabolic differences resulting from fluctuations in sex hormones and/or menstrual cycle effects. Three groups of volunteers were recruited in Norwich, UK, and the other three groups were recruited in Zeist, The Netherlands. All volunteers had the same admission criteria apart from two (infrequent) smokers being allowed to participate in the Dutch group. The study was carried out concomitantly in both countries. Each of the three groups followed the same protocol in the two different countries. Groups 1 and 2 consumed biosynthetically   74   Selabelled cooked fish, groups 3 and 4 consumed biosynthetically   74 Se-labelled, raw enzyme treated, and salted fish and groups 5 and 6 consumed biosynthetically 77 Se-labelled brewers' yeast. All of the groups consumed a reference dose of stable isotopically 82 Se-labelled sodium selenate in water. For each selenium source, apparent absorption was measured from luminal disappearance, and calculated as the difference between labelled selenium intake and faecal excretion measured over 10 days. Retention was calculated from the difference between labelled selenium intake and recovery in faeces and urine measured over 7 days.
Subjects (IFR), n ¼ 17
Male volunteers aged between 18 and 50 y were recruited from IFR's Human Nutrition Unit volunteer database. In all, 19 volunteers responded and were interviewed by qualified staff. A screening sample of blood was taken by venepuncture, after written informed consent had been obtained, and sent for routine clinical screening at the Chemical Pathology Unit at the Norfolk and Norwich Hospital. One volunteer failed the blood-screening test and one was deemed unsuitable following the interview. All were nonsmokers with an age range of 25-49 y and a mean age of 33 y. The Norwich District Ethics Committee of the NHS trust approved the study.
Subjects (TNO), n ¼ 18
A total of 29 men aged between 18 and 50 y were recruited for the study from the volunteer database of TNO. After signing the informed consent forms, health was assessed at prestudy screening. This included a medical history, physical examination and routine laboratory tests on blood and urine sampled during the prestudy screening. Four subjects failed the prestudy screening laboratory test. Seven subjects were not suitable. Two subjects smoked, on average, one cigar per month, and the rest of the subjects were Caucasian, nonsmokers. None were taking dietary supplements. The study was approved by the Medical Ethics Committee of TNO.
Test meals
Trout fish were chosen for the study because they are a common fish used in fish farms and it was a suitable fish to obtain a high efficiency of Se incorporation in a short time. They were grown at the Institute of Nutrition, Directorate of Fisheries, Bergen, Norway and fed biosynthetically Se-74 labelled brewers' yeast made up into pellets. The intrinsically labelled yeast was prepared by the method described below. It was dried and sent to Bergen where it was made into pellets. In total, 12 fish with an initial weight of 3.2 kg were held in a net pen (5 Â 5 Â 5 m 3 ) in seawater and force-fed two gelatinous capsules every day, while under anaesthetic, for 7 weeks (omitting weekends), containing 1 g of a caseingelatin-based feed supplemented with dried yeast containing 9.2 mg selenium. A total of 68 gelatinous capsules were given to each fish. The fish were killed, bled, eviscerated and chilled on ice before being filleted. One fillet from each fish was collected, homogenised and stored at À301C. The other fillet was processed by a salting procedure before being pooled, using a 50:50 mixture of salt and sugar to which juniper berries and aquavit were added to yield a proteolytic enzyme and salt-treated fish to be consumed as packed (raw). The untreated fish was to be cooked prior to consumption. The selenium concentration and isotopic abundance for the homogenised cooked and salted fish were 0.19 mg/g ( 74 Se 10.1 atom%) and 0.20 mg/g ( 74 Se 9.4 atom%), respectively.
Brewer's yeast (Saccharomyces cerevisiae) was grown in 1 l batches in YePD media (yeast extract/peptone/dextrose) broth enriched with 77 Se (95.0 atom%, supplied by Isotec, St-Quentin, France) as selenious acid at a concentration of 1.25 ppm. The culture media was added to a 4 l conical flask and was stirred continuously at 120 rpm to aerate the media, keeping it at a constant temperature of 301C for 36 h. The culture was then centrifuged at 10 000 rpm and the supernatant discarded. The yeast was washed several times with isotonic saline solution, discarding the supernatant following centrifugation. The pellet was finally freeze-dried in a Birchover freeze-drier and stored in a desiccator to produce yeast powder. This was served with a baked potato and butter to volunteers. Selenium concentration and isotopic abundance for two batches were 146.5 mg/g ( Se-labelled sodium selenate, provided by Nestec Ltd (Lausanne, Switzerland), was given to all subjects in water as a reference dose.
Experimental procedure Days 1-7 of the study required the volunteers to eat their habitual diet while avoiding designated selenium-rich food. A single prestudy faecal and urine sample was collected on day 7 from each volunteer. Before each test meal day (days 8, 9 and 10), the volunteers were asked to fast (except water) from 22:00 until breakfast the following day.
On the days of labelled test meal administration (days 8 and 9) the subjects consumed a standardised breakfast consisting of a fruit drink, cornflakes and white toast. Prior to lunch, on day 8, a blood sample was taken by venepuncture and the subjects emptied their bladder marking the start of urine and faecal collection at midday on day 8. Each test meal was divided over the main meals, that is, lunch and evening meal, on days 8 and 9. A drink containing 0.5 mg dysprosium (as dysprosium chloride) in water was consumed with each test meal to act as a nonabsorbable faecal marker. Details of the test meals are given in Appendex A. On day 10, a drink containing 80 mg 82 Se as sodium selenate and 2 mg of holmium (as holmium chloride) in water was consumed at approximately 08:00. At 2 h after this drink, the subjects returned to their habitual diet observing the exclusion list of selenium-rich foods for the next 8 days (study days 10-18). After the first test meal, all urine was collected for 7 days as 24-h samples (study days 8-15). Faeces were collected separately for 10 days (study days 8-18) in plastic bags.
Sample processing and stable isotope analyses Urine was weighed on receipt, mixed well and subsampled into screw-top polyethylene bottles and frozen at rÀ201C. At IFR, faecal samples were weighed on receipt, bulked as 24-h samples and autoclaved at 1211C, 15 psi for 40 min, frozen at À301C and freeze-dried before being ground into a powder and homogenised. At TNO, the frozen faecal samples were weighed, freeze-dried for 4 days and bulked as 24-h samples. After weighing, the freeze-dried faecal samples were ground and homogenised for 1 min. An aliquot of each sample (0.5 g) was digested in concentrated nitric acid, using a microwaveassisted digestion system (Multiwave, Perkin Elmer, UK). The resulting digest liquor was quantitatively transferred to a graduated test-tube and made up to volume with Millipore-grade water (10 ml). An aliquot (2 ml) of this solution was mixed with an aliquot of concentrated hydrochloric acid (2 ml) and heated at 901C for 1h. The solution was then made up to volume with Milliporegrade water, ready for analysis by HG-ICP-MS.
Selenium isotope ratios were measured by hydride generation inductively coupled plasma mass spectrometry (HG-ICPMS) using a Perkin-Elmer ELAN 6000 coupled with a FIAS 400 hydride generator at RIVO-DLO, The Netherlands and at The Central Science Laboratory (CSL), UK. The inert markers (dysprosium and holmium) in the faecal samples generated at TNO were measured at TNO and those in the samples generated at IFR were measured by CSL.
Typical conditions for HG-ICP-MS operations at CSL were: RF forward power 1300 W; nebulizer flow 1.1 l/min; dwell time chosen inversely proportional to the abundancy of isotope ( Se: 3.8 ms) with 20 readings per replicate, five replicates per integration with total integration time equal to 10 s in peak-hopping mode. All faecal samples measured on the ICP-MS were corrected for mass bias using an in-house faecal reference material which had been corrected for spike recovery and compared against a certified reference material (BCR 422). The mean recovery was 1.69 mg/kg which is within the acceptable reference guidelines (1.6370.07 mg/kg). Labelled selenium excreted in the urine following the test meals and selenate solution was measured from the total volume of urine collected and corrected against a certified reference material (NIST 2670). The mean recovery was 0.029 mg/kg which is within the acceptable reference guidelines (0.03070.008 mg/kg). In each faecal and urine sample, mole fractions of the trout, yeast, selenate and naturally abundant (NA) selenium sources were calculated by solving a set of simultaneous equations resulting from the ICP-MS measurements.
The response from each of the Se-isotopes was measured in each of the enriched foods and the enriched solutions. The data were then compared to the response from calibration solution of natural abundance selenium. The amount of selenium present on each of the isotopes was then quantified and summed to give the total amount of selenium in the isotopically enriched matrices. This approach is standard practice when using ICP-MS, and negates the need for 'total' selenium measurement by a second technique, for example, GFAAS. The measurement of total selenium, in each faecal and urine sample, in conjunction with the calculation of the mole fractions of the selenium sources, allowed the quantification of selenium from the trout, yeast and selenate to be computed. Apparent absorption was calculated, for each selenium source, as the difference between intake and faecal recovery and expressed as a percentage of the total dose. Apparent Absorption ¼ labelled Se intake À labelled Se in faeces labelled Se intake Â100:
Retention was calculated as the difference between intake and faecal and urine recovery and expressed as a percentage of the absorbed dose.
Retention ¼ labelled Se intake À labelled Se in faeces À labelled Se in urine labelled Se intake À labelled Se in faeces Â100:
It was decided that for calculations of apparent absorption and retention, IFR and TNO should use an average of the RIVO and CSL data for total selenium concentration, that is, 0.195 mg/g for the cooked fish, 0.200 mg/g for the salted fish and 144.25 mg/g for the yeast.
Statistical analysis
All results are expressed as mean (s.d.). The number of subjects for the experiment was determined by means of a power calculation. It was assumed that there would be a standard deviation on the measured percentage absorption and retention of 3% within the groups. A difference of 3% between the percent absorption/retention of the test meals and the selenate was considered to be a biologically meaningful effect. This equated to 12 subjects in each group with a power (1-) of 90% at a significance level of 0.05 for a twotailed test. On analysing the data, it was found that the standard deviation was approximately 4%, which equates to a power of 65% for this experiment. The results obtained at IFR and TNO were tested by ANOVA for a two-factor experiment (Institute and treatments). The outcomes (% selenium absorption and retention) were analysed using the Visual General Linear Model module of STATISTICA (StatSoft Inc., 2000) . Treatment (cooked fish, salted fish, or yeast) and location (IFR or TNO) were treated as fixed effects. The effective hypothesis method (Hocking, 1996) was used, and each outcome was transformed before analysis using the arcsin square root transformation (Zar, 1999) . Larger percentages give larger values on the transformed scale.
Results
All subjects completed the study (IFR, n ¼ 17 and TNO, n ¼ 18). Between the prestudy screening and day 18 of the study, their body weight varied by less than 2.7 kg. Table 1 shows the mean selenium intake provided by each of the three treatments (cooked fish, salted fish or yeast) and by selenate (reference dose). The intake of Se from yeast was significantly higher compared with the intake from fish (Po0.001). The percentage apparent absorption and retention for each of the three treatments and for selenate are shown in Tables 2 and 3 . The mean retention, expressed as fraction of absorbed dose, of the cooked and salted trout and yeast was not significantly different when compared at both sites.
The statistical analysis shows a significant effect (Po0.001) of treatment on % selenium apparent absorption from foods, but there is also a significant effect of location on selenate apparent absorption (Po0.001), and some evidence of an interaction between the effect of treatment and the effect of location on food retention (P ¼ 0.075).
Scheffe confidence intervals were calculated post hoc to compare food absorption from the three treatments on the combined data from both sites. Apparent absorption of selenium from yeast 53.5 (6.9) was significantly different (Po0.001) from selenium absorbed from the cooked fish 87.8 (5.4) and the salted fish 90.4 (2.7). The selenium apparent absorption from cooked fish was not significantly different from that of salted fish. Apparent absorption of selenium from fish was not significantly different from the apparent absorption of the selenate solution 93.4 (3.4) consumed by volunteers a day after the test meals. Retention of absorbed selenium from cooked fish (85.3% (7.3)) was not significantly different from salted fish (86.2% (5.6)) but was significantly different (Po0.001) from selenate (65.4% (13.2)) and yeast (59.3% (12.5)). The interaction between the effect of treatment and the effect of location on food retention is, however, difficult to interpret. The results clearly demonstrate that processing of fish did not influence the apparent absorption or retention of selenium and that selenium from fish has significantly higher apparent absorption than that from yeast. Although the selenium apparent absorption from fish was somewhat lower than selenate apparent absorption, selenium retention from fish was significantly higher than from selenate.
Discussion
In general, fractional absorption of selenium is independent of dose (Levander, 1983) , so the difference in selenium intake between the different meals cannot explain the observed differences in apparent absorption. Absorption is, however, affected by the physical or chemical form of the selenium compound present. The results from this study indicate that fish is a good source of selenium and that bioavailability is not affected by processing (cooking or enzyme and salt treatment). Selenate was used as a reference dose of selenium since its absorption has been reported to be as high as 95% (Shennan, 1988) . Under optimal conditions the absorption of selenate and selenomethionine are similar (95-98%) (Dreosti, 1986) but there is evidence that absorption of selenate is reduced in the presence of food, falling to 50-80% (Robinson & Thomson, 1983; Sirichakwal et al, 1985; Mutanen, 1986; Diplock, 1987) . In the present study, selenate was given after an overnight fast in the absence of food and the results compared with the absorption of selenium from fish. Selenate cannot be used to normalise the absorption data of selenium from fish because of differences in chemical form. It, does, however, serve as a useful marker of individual efficiency of selenium absorption because of its high absorption characteristic. The absorption of selenium from fish compared well with selenate absorption and is also comparable with foods from plant origin, reported to be 79% , 80% (Mutanen, 1986) , 81% from garlic and 83% from wheat . Studies investigating the absorption of selenomethionine have shown similar results with reported absorption values of 96% (Griffiths et al, 1976) , 90% , 75% and 95% (Dreosti, 1986) . There have been a few reports that selenium absorption from fish is lower than from other foods Robinson & Thomson, 1983; Mutanen, 1986) . There are at least 13 known seleno-compounds in humans, all of which contain selenocysteine as the active selenium compound (Burke & Hill, 1993; Behne et al, 1995) . Selenoamino acids are mainly taken up by the liver and used for general protein synthesis in place of their sulphur containing amino acid analogues. Although selenocysteine can be nonspecifically incorporated into general protein synthesis (but not into the active metabolic sites of selenoproteins) (Burke & Hill, 1993) , it does not accumulate and the selenium is released by selenocysteine b lyase (Esaki et al, 1982) and undergoes reduction similar to hydrogen selenide before it is used for selenoprotein synthesis. Fish may contain significant proportions of organic selenium as selenocysteine, selenomethionine, selenocystathionine, metabolic intermediates (eg selenodiglutathione, selenodimethylselenide and selenotrimethylselenonium ion), selenoproteins and other organic forms such as 6-selenopurine and selenoprolyl-tRNA. Some studies suggest that the majority of selenium in fish is in the organic form selenomethionine (Akesson & Srikumar, 1994; Quijano et al, 2000) . Quijano et al (2000) could not detect the presence of selenocysteine in tuna muscle and accounted for 30% of the total selenium present as trimethylselenonium ion, selenomethionine and another selenoamino acid not identified. Hexavalent, water soluble forms of selenium have been isolated from tuna fish (Cappon & Smith, 1982) , and Onning and Bergdahl (1999) identified certain selenium compounds dominating in different species of fish. To date, there are very few reports to draw clear conclusions on the principal selenium compounds found in fish. However, it is generally thought that all organic forms of selenium ultimately form a common pool, once they have been catabolised, from which selenocysteine can be synthesised and incorporated into functional selenoproteins.
The absorption of selenium from yeast was lower than expected and may reflect poor conversion of the labelled inorganic selenium (added to the yeast) to organic forms. The chemical composition of selenium-enriched yeast preparations depends on the conditions of growth, nutrient medium, and chemical form of selenium used. They contain different amounts of a variety of different selenium compounds including selenoamino acids, selenoproteins, selenosulphides and inorganic forms, particularly the form used in the nutrient medium. Korhola et al (1986) found that the major organic selenium species in a Finnish yeast was selenomethionine, accounting for 50% of the total selenium in the preparation. Inorganic selenium was only 2% (as sodium selenite), with the remainder comprised of selenoglutathione, selenodiglutathione, selenocysteine and other unidentified selenocompounds. In contrast, the selenium yeast manufactured in the USA and used in studies in New Zealand (Thomson et al, 1993) contains the major fraction (85%) as selenomethionine. These differences are probably due to variations in the chemical form of selenium used in preparation as well as the method of yeast culturing and subsequent treatment. Suhajda et al (2000) found different amounts of inorganic and organic selenium present in yeast cultured under different conditions which altered the efficiency of the yeast to convert inorganic selenium in the culture media to organic forms. Other workers have reported more than 20 selenium compounds including selenomethionine, methylselenocysteine and inorganic forms found in selenium-enriched yeasts (Bird et al, 1997 ). An investigation by Zheng et al (1998) into the chemical forms of selenium present in nine selenium supplements labelled as containing yeast, commercially available in Europe, found that selenomethionine was the major component with selenocysteine and other unknown selenocompounds in smaller amounts. Before any conclusions can be made about the selenium absorption from yeast used in this study, characterisation of the chemical speciation of selenium present must be made. The retention of the absorbed selenium from both fish test meals was very similar (85.1 and 86.2%). This gives further evidence to support the conclusion that the effect of processing on the fish had little influence on the chemical form of selenium present. The high retention values observed are indicative of organic selenium compounds which contrasts with the lower retention values observed with the inorganic selenate solution. There is clear evidence that urinary excretion of selenium is lower when organic compounds are absorbed compared to inorganic supplementation Thomson et al, 1978; Robinson et al, 1989; Alfthan et al, 1991) . This reflects nonspecific incorporation of seleno amino acids into general protein synthesis compared with specific incorporation of inorganic forms of selenium into seleno protein synthesis. At normal intakes, urine is the most important route of excretion of selenium and regulates homeostasis (Swanson et al, 1991) although there is some evidence that prolonged high intakes of organic forms of selenium such as selenomethionine may accumulate in the body due to the relatively slow turnover of this amino acid incorporated into general protein synthesis . Retention of selenium from yeast was lower than the retention value found in fish but higher than the retention of selenate and supports the suggestion made earlier that the yeast probably had a mixture of significant amounts of inorganic and organic selenium present in the cell. Thus, the retention values observed are somewhere between the retention results obtained with organic selenium present in fish and the inorganic selenium consumed as sodium selenate.
In conclusion, the results from this study demonstrate that selenium absorption from trout fish is high and comparable with selenate and other foods. Retention from trout fish is significantly higher than from yeast or from selenate, indicating that selenium present in this type of fish is in an organic form. Cooking or salting of fish does not affect selenium absorption or retention. Whether other processing techniques influence selenium bioavailability from other food sources requires further investigation. 
